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Inspired by recent theoretical predictions on band convergence in the tetragonal chalcopyrite compounds,
we have explored the inﬂuence of the crystal structure on the transport and bandstructure of diﬀerent
quaternary chalcopyrites. In theory, a changing lattice parameter ratio of c/2a towards unity should lead
to band convergence due to a more cubic and higher symmetry structure. In accordance with this
prediction, the diﬀerent solid solutions explored in this manuscript show a signiﬁcant impact on the
electronic transport depending on the ratio of the lattice parameters. An increasing lattice parameter
ratio results in an increase of the carrier eﬀective masses which can be explained by converging bands,
ultimately leading to an increase of the power factor and thermoelectric ﬁgure of merit in the class of
non-cubic chalcopyrite compounds Cu2MGeSe4. However, the calculations via density functional theory
show that the critical value of c/2a, where band convergence occurs, will be diﬀerent from unity due to
symmetry and chemical inﬂuences on the band structure.1 Introduction
Thermoelectric technology is being used as a clean and eﬃcient
approach to harvest waste energy or solid-state cooling. The
performance of a thermoelectric material is determined by its
gure of merit zT ¼ a2sT/k. Obtaining a high zT requires a large
Seebeck coeﬃcient a, a high electrical conductivity s and a low
thermal conductivity k. For high zT the carrier concentration
needs to be optimized by adjusting the doping, which is oen
observed along with an increase in the power factor a2s.1 High
optimized zT can only been obtained through a high quality
factor2 which can be increased, for example, by the convergence
of highly-degenerate multi-valley electronic bands. Band
convergence has been found for example in Mg2Si–Mg2Sn,3,4
PbTe (ref. 5–10) and SnTe.11
The convergence of diﬀerent valence or conduction bands at
a certain temperature or chemical potential leads to an increase
in the valley degeneracy (number of carrier pockets) NV, which
increases the density of states eﬀective mass m*DOS (m*DOS ¼
m*bNV
2/3).2,12 The band eﬀective mass m*b is related to the carrierpplied Physics, California Institute of
dena, CA 99125, USA. E-mail: zeier@
ngineering, Massachusetts Institute of
bridge, MA 02139, USA
Chemie, Johannes Gutenberg-University
ermany
(ESI) available: Calculated electronic
kesterite structure types. See DOI:
hemistry 2014mobilities via the inverse relationship m ¼ es/m*b, with the
scattering relaxation time s. This increase in the density of
states eﬀective mass leads to the above mentioned increase in
the quality factor of a material.2 In general, highly symmetrical
crystal structures can exhibit a large band degeneracy and
consequently many good thermoelectric materials have cubic
structures.13,14
Recently, Zhang et al. have theoretically explored the possi-
bility of band convergence in the non-cubic chalcopyrite crystal
structures.15 Chalcopyrites are structurally derived from the
diamond structure and each atom is coordinated by four
nearest neighbors, forming tetrahedrally bonded structures.
Depending on the composition, these multinary phases form
binary, ternary, and quaternary compounds where the two
substructures are populated with cations and anions.16 The
binary compounds crystallize in the cubic-sphalerite structure
type (space group F43m). Further lowering the symmetry by
ordered cation substitution with two metals leads to the chal-
copyrite structure type AIBIIIX2
VI (I42d), with the mineral chal-
copyrite CuFeS2 as the prototype. This ordered substitution
doubles the translational period along the z-direction leading to
a tetragonal crystal system. Due to diﬀerent interactions
between the metals and the anions, resulting in diﬀerent bond
lengths and bond angles, a tetragonal distortion takes place
resulting in a c/2a-ratio < 1.17 A further decrease in symmetry
leads to the stannite (I42m, see Fig. 1) or the kesterite type
structure (I4). This decrease in symmetry is achieved by
substitution of elements (stannite). A further symmetry decay
via metal ordering results in the kesterite structure type. The
lower symmetry and larger unit cell structures provide lowerJ. Mater. Chem. C, 2014, 2, 10189–10194 | 10189
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View Article Onlinelattice thermal conductivity,18 although the electronic structure
also becomes distorted.
Due to the crystal eld eﬀect and the tetragonal distor-
tions,19,20 the valence band splits into a non-degenerate band
G4n and a doubly degenerate band G5n.15 Zhang et al. have
theoretically predicted, that for a c/2a-ratio < 1 the G4n band is
higher in energy and an increasing c/2a-ratio leads to a decrease
in the energy diﬀerence D between G4n and G5n.15 The decrease
in energy diﬀerence between the bands leads to full band
convergence, predicted when c/2a reaches unity, representing a
cubic structure.15 Upon further increasing c/2a the two bands
diverge again, with a ipped conguration of G5n having a
higher energy than G4n (see Fig. 1). This band convergence upon
changing the lattice constant ratio leads to an increase in the
power factor and an increase in the gure of merit in this class
of materials.
Previous studies of these compounds have mainly focused
on the intrinsic thermoelectric transport properties, doping
studies or the reduction of the lattice thermal conductivities via
nano crystals or phase segregations.21–26 Furthermore Zeier et al.
have shown that a restructuring process in the series of solid
solutions Cu2Zn1xFexGeSe4 changes the c/2a axis ratio, whichFig. 1 Kesterite (a), space group I4, and stannite (c), space group I42m,
spheres represent selenium, grey germanium and yellow the copper catio
Shows the axis ratio, where a c/2a of unity represents a cubic structure.
between the G4n and the doubly degenerate G5n valence bands. Negative
as seen in (d). An increasing c/2a leads to a full band convergence (D
conﬁguration changes. Due to the diﬀerences in the structures and the ch
Cu2ZnGeSe4 and Cu2FeGeSe4 at their experimentally observed c/2a ratio
are labeled with an asterix.
10190 | J. Mater. Chem. C, 2014, 2, 10189–10194leads to enhanced point defect scattering and a reduction in the
thermal conductivity due to the high local anisotropic structural
disorder.27 The changing bond angles and bond lengths in these
materials strongly inuence the thermal transport properties in
these materials.27,28
Inspired by these recent predictions on band convergence in
the tetragonal chalcopyrite compounds, we have theoretically
and experimentally explored the inuence of the changing c/2a
lattice parameter ratios of diﬀerent compositions and solid
solutions on the electronic structure and sought to identify its
inuence on electronic transport. While the series of solid
solution which exhibits a constant c/2a ratio does not show any
changes in the eﬀective masses, an increase in c/2a results in an
increase of the eﬀective mass. This increasing eﬀective mass,
due to valley degeneracy, ultimately leads to an increase in the
power factor and the gure of merit, corroborating a conver-
gence of the G4n and G5n bands upon changing c/2a, predicted
by density functional theory. However, we will show that the
critical value of c/2a for a full band convergence is not neces-
sarily unity. Chemical and structural eﬀects lead to diﬀerent
band congurations and critical c/2a ratios at which band
convergence occurs.structure types of Cu2FeGeSe4 and Cu2ZnGeSe4 respectively. The red
ns. Zinc and iron are shown as blue and green spheres, respectively. (a)
(b) Shows the eﬀect of the c/2a ratio on the band energy diﬀerence D
values represent the situation in which G4n is at higher energy than G5n,
¼ 0) at a critical c/2a value.15 With further increasing c/2a, the band
emical composition, diﬀerent band conﬁgurations can be observed for
s (open datamarkers). The compositions in their existing structure types
This journal is © The Royal Society of Chemistry 2014
Fig. 2 (a) Shows the axis ratio c/2a of the solid solutions Cu2Zn1x-
FexGeSe4 and Cu2.025Zn0.975yFeyGeSe4. A restructuring process leads
to an elongation of the c-axis,27 leading to a non-Vegard like behavior.
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View Article Online2 Experimental
Bulk samples of polycrystalline Cu2+xZn1xGeSe4, Cu2Zn1x-
FexGeSe4 and Cu2.025Zn0.975yFeyGeSe4 were prepared via solid
state reactions using elemental powders of Cu (Alfa Aesar,
99.999%), Zn (Sigma Aldrich, 99.995%), Fe (Alfa Aesar,
99.998%), Ge (Chempur, 99.99%) and Se (Alfa Aesar, 99.999%).
Phase purity of the starting materials was veried by X-ray
diﬀraction, and all synthetic procedures were carried out in a N2
drybox. The starting elements were thoroughly ground, sealed
in quartz ampoules, and annealed in a rst step for 48 hours at
923 K and 673 K, for [Fe] < 0.4 and [Fe] $ 0.4, respectively. In a
following second step, the powders were re-annealed for 96
hours at 1073 K and 873 K, respectively. The annealed material
was hand ground and consolidated into 1–1.5 mm thick, 12 mm
diameter disks at 873 K for 5 hours under a pressure of 40 MPa
by induction hot pressing in high density graphite dies.29 The
resulting samples have more than 95% theoretical density,
determined from the mass and geometry of the consolidated
disks.
X-ray diﬀraction measurements were performed on a
Siemens D5000 powder diﬀractometer with a Braun M50 posi-
tion sensitive detector and CuKa1 radiation (Ge (220) mono-
chromator). To obtain lattice parameters, Pawley renements
were performed with TOPAS Academic V4.1,30 applying the
fundamental parameter approach using the crystallographic
data from Scha¨fer and Nitsche.16
The Seebeck coeﬃcient was calculated from the slope of the
voltage vs. temperature gradient measurements from Chromel-
Nb thermocouples, applying a temperature gradient of 10 K.31
Electrical resistivity, Hall coeﬃcient, and carrier concentration
were measured using the van der Pauw technique under a
reversible magnetic eld of 2 T, a current of 20 mA, and pres-
sure-assisted contacts.32 All measurements were performed
under dynamic vacuum and on multiple samples for each
composition.
For a single parabolic band relationship, solutions to the
Boltzmann transport equation within the relaxation time
approximation were used to model the relationship between
carrier concentration and the Seebeck coeﬃcient. Complete
transport modeling procedures,33 as well as diﬀraction and
temperature dependent transport data can be found in previous
publications.24,27,34
Density functional theory (DFT) calculations with the
Perdew–Burke–Ernzerhof (PBE)35,36 generalized gradient
approximation (GGA) and projector augmented wave (PAW)37
pseudopotentials were implemented in the Vienna ab initio
simulation package (VASP).38 A plane wave cutoﬀ of 520 eV, a
KPOINT mesh of 6  6  4 and a ferromagnetic state for the
initial magnetization of the density were used in our calcu-
lations. A HSE06 functional was employed for electronic
structure computations, which has shown to improve the
band gap across a wide range of materials.39,40 We adopted
the experimental structures for stannite-type Cu2ZnGeSe4
and kesterite-type Cu2FeGeSe4 within our calculations. To
understand the eﬀect of c/2a on the convergence of G5n andThis journal is © The Royal Society of Chemistry 2014G4n, we have rigidly varied the c lattice parameter. We have
also looked into the band structure of these two materials at
experimental lattice parameter but with a rst-principles
ionic relaxation, which displays similar band convergence
but a larger band gap, as compared to the computed band
structures without atomic relaxation. Complete electronic
band structures for stannite-type Cu2ZnGeSe4 and kesterite-
type Cu2FeGeSe4 can be found in the ESI† and have been
published elsewhere.273 Results and discussion
3.1 Structural considerations
The rened ratio c/2a of the lattice parameters for the solid
solutions Cu2+xZn1xGeSe4, Cu2Zn1xFexGeSe4 and Cu2.025-
Zn0.975yFeyGeSe4 can be found in Fig. 2. The substitution of Zn
with Fe results in a non-Vegard like behavior with a maximum
of the lattice parameter ratio at 70% Fe content, due to a 3-stage
cation restructuring process which has been previously reported
for Cu2Zn1xFexGeSe4.27 The end members Cu2ZnGeSe4 and
Cu2FeGeSe4 crystallize in the stannite and kesterite structure
type (Fig. 1), respectively.27 The equal crystal radii of the cations(b) Constant c/2a for Cu2+xZn1xGeSe4.
J. Mater. Chem. C, 2014, 2, 10189–10194 | 10191
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View Article OnlineCu+ and Zn2+ (0.74 pm in tetrahedral coordination)41 lead to a
constant lattice parameter ratio in the solid solution Cu2+x-
Zn1xGeSe4 as seen in Fig. 2. Combining the transport proper-
ties of two solid solutions, which exhibit changing lattice
parameter ratios, and one which does not exhibit any changes
are a good starting point to compare and analyze the eﬀects of
the lattice parameter ratios on the electronic transport. There-
fore, we will use the example of Cu2+xZn1xGeSe4 as a baseline
to compare other solid solutions where the c/2a ratio changes
and approaches unity.Fig. 3 Pisarenko relation of the solid solutions Cu2+xZn1xGeSe4,24
Cu2Zn1xFexGeSe4,34 and Cu2.025Zn0.975yFeyGeSe4 at 360 K. The gray
line was generated using a single parabolic band approximation and an
eﬀective mass of 1.2 me. No change of the carrier eﬀective mass can
be seen in the solid solution of Cu2+xZn1xGeSe4,24 which exhibits a
constant c/2a. The increasing c/2a of the other series of solid solutions
leads to an increase of the eﬀective mass and hence an increase in a.
Fig. 4 Density of states eﬀective mass m*, obtained at 360 K using a
single parabolic band approximation, versus the c/2a ratios of the
diﬀerent solid solutions. The increasing eﬀective mass with increasing
c/2a ratio suggests a band convergence behavior, which increasesm*
obtained from the Seebeck coeﬃcients. The broken line designates a
constant increase of m*.3.2 Theoretical predictions
Fig. 1 shows the calculated energy diﬀerence D between the
G4n and the doubly degenerate G5n valence bands of the
stannite (Cu2ZnGeSe4) and the kesterite (Cu2FeGeSe4) struc-
ture types. Positive values of D represent the case where the
doubly degenerate G5n band is located at higher energies
than G4n. Full band convergence occurs when the energy
diﬀerence, D, becomes zero or eﬀectively within 2 kBT. As
predicted by Zhang et al.,15 changing the c/2a ratio aﬀects the
position of the two valence bands. However, diﬀerences in
c/2a values in the compositions of Cu2ZnGeSe4 and Cu2-
FeGeSe4 can be observed. Band convergence is obtained at
diﬀerent values of c/2a for the two compounds Cu2ZnGeSe4
and Cu2FeGeSe4 and convergence is not exactly at c/2a ¼ 1.
While the small deviations from unity, are within the esti-
mated uncertainty by Zhang et al.,15 the stannite structure
Cu2ZnGeSe4 exhibits band convergence (D ¼ 0) at a critical c/
2a value below unity. In the kesterite type Cu2FeGeSe4
however, band convergence is achieved at c/2a > 1. While the
deviations from unity are small, all experimentally accessible
lattice parameters of these solid solutions are located in a
very narrow range of c/2a, between 0.98 and 1. Indeed, at the
experimentally observed lattice parameter values for Cu2-
FeGeSe4 and Cu2ZnGeSe4, the valence bands G4n and G5n are
at diﬀerent energetic congurations (see Fig. 1), i.e. negative
and positive D. While G4n is located at higher energies than
G5n in the case of kesterite-Cu2FeGeSe4, the situation is
reversed for stannite-Cu2ZnGeSe4. In order to assess the
reasons for this ipped electronic band conguration,
calculations were also performed on Cu2FeGeSe4 in a hypo-
thetical stannite structure type and for Cu2ZnGeSe4 as kes-
terite (see Fig. 1). The change in structure type shis the
critical ratio of c/2a signicantly. In addition, a further
diﬀerence in the band energies between stannite-Cu2FeGeSe4
and stannite-Cu2ZnGeSe4 within the same structure type, due
to the diﬀerences of the Fe and Zn atomic orbitals, can also
be observed leading to shis in the critical ratio of c/2a. The
symmetry diﬀerences due to the structure types and the
chemical diﬀerence between d10-Zn2+ and d6-Fe2+, both vary
the predicted band structures and the critical c/2a values for
band convergence diverge from unity. Due to these structure
and chemistry dependence, it is important to assess the
valence band conguration of these chalcopyrite compounds
before targeted altering of the c/2a ratio is attempted, when
already within 0.02 of unity.10192 | J. Mater. Chem. C, 2014, 2, 10189–101943.3 Electronic transport
Measured Seebeck coeﬃcients a of all compositions versus their
Hall carrier concentrations nH can be found in Fig. 3. Due to the
reported phase transformation at higher temperatures,42 all
measurement data are shown at 360 K. All Seebeck coeﬃcients
and carrier concentrations are positive, showing holes as the
predominant carriers in these p-type semiconducting materials.
Measured Hall carrier concentrations of the holes range
between 2–5 cm2 V1 s1 and have been reported else-
where.24,27,34 For the solid solution of Cu2+xZn1xGeSe4 anThis journal is © The Royal Society of Chemistry 2014
Fig. 5 (a) Power factors a2s and (b) ﬁgure of merit zT of Cu2Zn1xFexGeSe4 and Cu2.025Zn0.975yFeyGeSe4 are increasing with increasing c/2a
ratio. The broken lines serve as a guide to the eye, with a maximum power factor and zT for a critical c/2a-ratio > 1, as obtained from band
structure calculations for Cu2FeGeSe4.
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View Article Onlineeﬀective massm* of 1.2me was used to calculate the grey line in
Fig. 3. The data fall near or on the modeled curve showing that
the single parabolic band (single m*) is a good starting model
for the electronic transport. The substitution of Zn2+ with Cu+
does not signicantly change the eﬀective mass of the holes nor
does it result in any changes of the c/2a ratio. While the eﬀective
mass remains constant for Cu2+xZn1xGeSe4, the compositions
which exhibit diﬀerent c/2a ratios (Fig. 2) show an increase in
the eﬀective mass with increasing c/2a ratio. A possible band
convergence at higher c/2a ratios would result in a higher valley
degeneracy NV, resulting in a higher density of states eﬀective
mass m*DOS (eqn (2)). The Seebeck coeﬃcient a of a degenerate
semiconductor with a parabolic band dispersion and lattice
deformation (phonon) scattering is given by:1,2
a ¼ 8p
2kB
2
3eh2
m*DOST
p
3n
2=3
; (1)
and
m*DOS ¼ m*bNV2/3 . (2)
An increase in the density of states eﬀective mass would
hence ultimately result in an increase of the Seebeck coeﬃcient.
Therefore, extracting the eﬀective masses from the carrier
concentration, n, dependent Seebeck coeﬃcients provides a way
to assess possible changes in the valley degeneracy. Fig. 4 shows
the density of states eﬀective masses of the solid solutions
Cu2Zn1xFexGeSe4 and Cu2.025Zn0.975yFeyGeSe4 and their
dependence on the lattice parameter ratios. With increasing
ratio of c/2a the eﬀective mass increases, due to a convergence
of the G4n and G5n bands, as predicted by Zhang et al.15 This
behavior cannot be seen in the solid solution Cu2+xZn1xGeSe4,
because the c/2a ratio remains constant, showing a clear indi-
cation that the ratio of the lattice parameters does indeed
inuence the respective position of the bands. With increasing
c/2a ratio, the energy diﬀerence between G4n and G5n decreasesThis journal is © The Royal Society of Chemistry 2014(see Fig. 1), eﬀectively leading to an increase in the valley
degeneracy. While DFT calculations in this work (see Fig. 1)
show band oﬀsets around 0.1 eV for c/2a 0.985 (the kesterite-
Cu2FeGeSe4 experimental value), it is important to note that
some carrier population does probably exist in both the G4 and
G5 bands because at 360 K, this oﬀset is around 3–4 kBT. We
still, however, expect the power factor to increase due to valley
degeneracy as c/2a increases because the bands move closer to
“eﬀective convergence” which is closer to 1–2 kBT.
This increasing band convergence leads to an increase in the
power factor with increasing c/2a ratios (see Fig. 5a). In the
kesterite type Cu2FeGeSe4, band convergence should be
obtained at a critical value of c/2a above unity. The combination
of increasing power factor, due a valence band convergence,
and the lower lattice thermal conductivity, due to point defect
scattering,27 leads to an increase of the gure of merit with
increasing c/2a (see Fig. 5b).4 Conclusion
In summary, we have shown the inuence of the ratio of the
lattice parameters in the non-cubic chalcopyrite compounds
Cu2MGeSe4 on the electronic transport properties, providing
experimental evidence for the predicted convergence of the
valence bands. The valence bands G4n and G5n, which split due
to crystal eld eﬀects, converge at a critical c/2a ratio. Structural
and chemical inuences aﬀect the convergence of the bands,
leading to diﬀerences in the valence band energy congurations
and the value of c/2a, where the band convergence occurs. It is
therefore important to assess the valence band conguration of
these chalcopyrite compounds, before targeted altering of the
c/2a ratio is attempted. This convergence of the bands leads to
higher density of states eﬀective masses, and concurrently
higher power factors and gure of merits, making this a
promising approach to obtain better thermoelectric perfor-
mances in non-cubic systems.J. Mater. Chem. C, 2014, 2, 10189–10194 | 10193
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